Introduction
Haemorrhagic fever with renal syndrome (HFRS) is a human disease characterized by fever and renal involvement, with or without haemorrhagic manifestations (Yanagihara & Gajdusek, 1988) . Three different viruses in the Hantavirus genus of the Bunyaviridae family have been associated with human disease, Hantaan, Urban rat and Puumala (PUU) viruses (Schmaljohn et al., 1985; Van der Groen, 1985) . Two other related viruses, Prospect Hill and Leakey virus, have not been associated with human disease (P. W. Back et al., 1988) .
A milder form of HFRS, nephropathia epidemica (NE), occurring in Scandinavia and Finland is caused by PUU virus (L~ihdevirta, 1971; Brummer-Korvenkontio et al., 1980; Niklasson & LeDuc, 1987) . Serologically and clinically related or identical diseases also occur in the western U.S.S.R. and central Europe (Sheshberadaran et al., 1988) . Virus strains from regions in which NE is endemic have been isolated from rodent vectors and, in the U.S.S.R., also from humans (Yanagihara & Gajdusek, 1988; Sheshberadaran et al., 1988) . Although it has been suggested that NE varies in severity, it has not been possible to divide the PUU-related virus isolates into subgroups by immunofluorescence or immunoprecipitation comparisons (Sheshberadaran et al., 1988) To study the relationship between the various PUUrelated virus strains isolated to date, more specific reagents were needed. Mouse monoclonal antibodies (MAbs) against the prototype Hantaan virus (76-118) have been produced and successfully used for the comprehensive characterization of several hantavirus strains (Franko et al., 1983; Yamanishi et al., 1984; Sugiyama et al., 1987; Arikawa et al., 1989) . Attempts in our laboratory to produce mouse MAbs specific for PUU virus have not been successful, although several different strategies have been employed.
The present study describes the generation and characterization of bank vole MAbs against PUU virus, and the use of these reagents for the comparison of 11 hantavirus strains. Lee et al. (1978) H. W. P. W. 
Methods

Generation of hybridomas. Bank voles (Clethrionomys glareolus),
derived from a colony established several years earlier with animals captured in a region of Sweden in which NE is endemic and proven to be susceptible to PUU virus, were used for immunization. Three bank voles, 24 days old, were injected intraperitoneally with 0.5 ml of a suspension of PUU virus-infected bank vole lung tissue in PBS. The hybridization technique used was a minor modification of that described by K6hler & Milstein (1975) and Goding (1980) . Spleen cells from one immunized bank vole and SP2/0-Agl4 mouse myeloma cells (Shulman et al., 1978) were mixed 4:1 and fused by adding 50% polyethylene glycol 4000 (Gibco) for l min. The fused cells were suspended in RPMI containing 10~ foetal calf serum (FCS) and seeded into five 96-microwell tissue culture plates (Costar). After incubation for 24 h at 37 °C in a humidified 5~ CO: atmosphere, RPMI HAT medium (Gibco) was added~ the medium was changed to RPMI hypoxanthine-thymidine medium (Gibco) 2 weeks later and, after a further 2 weeks, the medium was changed to RPMI supplemented with 10~ FCS. Culture fluids from hybridomas were screened for anti-PUU virus Ig secretion by ELISA and secretion was confirmed by an immunofluorescence assay (IFA). Monoclonal hybridomas were obtained by cloning three times in RPMI:OPTI-MEM 1 (1:1) (Gibco) containing 15~ FCS by limiting dilution.
EL1SA. Hybridoma culture fluids were screened for PUU virusspecific antibodies by a slightly modified sandwich ELISA (Niklasson et al., 1990) . Briefly, antigen from virus strain 83-223L (Niklasson & LeDuc, 1984) was diluted 1:4. Each well was incubated with undiluted hybridoma culture supernatant, followed by alkaline phosphatase-or peroxidase-labelled goat antibodies to mouse IgG (~-chain specific) (Sigma) diluted 1:500. Absorbance (A) values twice those of the negative control (seronegative bank vole sera diluted 1:50) were defined as positive.
Virus strains. All virus strains were propagated in Vero E6 cells (CRL 1586; ATCC) cultivated in Eagle's MEM supplemented with 2% FCS, 2 mM-L-glutamine, 601tg/ml penicillin and 1001~g/ml streptomycin. The history of the hantavirus strains is summarized in Table 1 .
IFA. Spot slides of virus-infected Veto E6 cells were prepared and stained as described previously (Niklasson & LeDuc, t987 ) with some modifications. Briefly, PUU-related virus strains were incubated on Vero E6 cells for 14 days before applying the cells to microscope slides. Hantaan, Urban rat and Prospect Hill viruses were incubated for 9, 10 and 8 days, respectively. Undiluted hybridoma culture fluids were incubated for 30 min. Fluorescein isothiocyanate-conjugated rabbit (Fab') 2 to mouse IgG (Dako), diluted 1 : 20, was used for the detection of virus-specific antibodies.
Hybridoma Ig subclass determination. The Ig isotype of the MAbs was determined by assaying their cross-reactivity with mouse Ig isotypes. Mouse Ig class-specific antisera (Sigma) or mouse Ig subclass-specific antisera (Meloy), 2.0 ~tg/ml in 50 mM-carbonate buffer pH 9.6, were adsorbed to microtitre plates and then incubated with undiluted hybridoma culture fluids. Bound bank vole Ig was detected by rabbit antiserum to total mouse Ig (Dako) and y-or In-specific goat antiserum to mouse heavy chains (Sigma) labelled with peroxidase and diluted 1:500. All incubations were for 1 h at 37 °C after which the plates were washed five times in washing buffer (0.05~ Tween in 0.15 M-NaCI).
The Mrs of the MAb heavy chains were estimated from immunoblots, a mouse IgG1 MAb being used for comparison. Hybridoma culture fluids were mixed with an equal volume of electrophoresis sample buffer and applied to 12 ~ SDS-polyacrylamide gels (Laemmli, 1970) . After separation, the proteins were transferred electrophoretically to nitrocellulose sheets. The sheets were blocked for 1 h at 20 °C in PBS with 5% dried milk (PBS-milk) and incubated overnight with alkaline phosphatase-labelled rabbit antibodies to mouse Ig (Dako), diluted 1 : 500 in PBS-milk. The nitrocellulose sheets were immersed as described for immunoblotting.
MAb binding to Protein A (pA) and Protein G (pG).
For a more complete characterization and investigation of the suitability of the MAbs for other purposes, e.g. direct enzyme conjugation or coupling to a matrix in which purified and concentrated MAbs are needed, their capacity to bind to pA and pG was examined. Samples from monoclonal culture fluids were incubated with an excess of pASepharose (pA-S) or pG-Sepharose (pG S) (Pharmacia) at room temperature for 2 h. The pA-S or pG S was removed by centrifugation, and the titre of the supernatant was measured and compared to the titres of untreated samples from the same culture fluids. Samples were tested at fivefold dilutions and detectable activity was measured in a sandwich ELISA as described above.
Purification of the MAbs was performed by affinity chromatography on pA-S columns, according to the manufacturer's instructions for mouse IgG (Pharmacia). The Ig concentration was determined spectrophotometrically at 280nm, calculated with an extinction coefficient of 1.4. The Ig concentration was also measured by the BioRad protein assay (cat.no. 500-0006). Immunoblotting. The antigen specificity of MAbs was examined by immunoblotting. Virus antigen (from virus strain 83-223L) or control antigen was mixed with an equal volume of SDS sample buffer, applied to a 7-5~ SDS-polyacrylamide gel (Laemmli, 1970) and transferred electrophoretically to a nitrocellulose sheet (1 h at 100 V) (Towbin et al., 1979) . The nitrocellulose sheets were cut into strips, preadsorbed for 1 h at 20 °C in PBS-milk and incubated overnight with undiluted monoclonal hybridoma culture fluids or control sera diluted 1:400 in PBS-milk at 4 °C. After washing four times in PBS-milk for 10 rain each, the strips were incubated for 2 h at 20 °C with y-chainspecific, alkaline phosphatase-conjugated goat antisera to mouse IgG or human IgG (Sigma) diluted 1 : 500 in PBS-milk. The strips were washed four times in PBS with 0.5 ~ Tween 20 and immersed in 50 mMTris-HCl pH 8.8, 1 mM-MgCI2, 0-2 mg/ml ct-naphthyl phosphate and 0-5 mg/ml fast red (Sigma).
Radioimmunoprecipitation assay (RIPA). Vero E6 cells infected with
virus strain 83-223L were incubated for 3 h at 37 °C in Eagle's MEM (Gibco) supplemented with FCS and 10 rtg/ml actinomycin D (Sigma) 14 days post-inoculation. The cells were washed with PBS and then incubated with 20 ml methionine-free Eagle's MEM (Flow Laboratories) with the same supplements and 1 mCi [3sS]methionine (Amersham) for 36 h at 37 °C. The cell supernatants were centrifuged at 85000g for 1.5 h and the virus pellets were resuspended in 2 ml RIPA buffer [0.01 M-Tris-HCI pH 7-8, 2~ Triton X-100, 0.15 M-NaC1, 0.6 M-KCI, 5 mM-EDTA, 1~ aprotinin (Sigma) and 1 mM-PMSF]. The immunoprecipitation was performed as described (Sheshberadaran et al., 1988) with some modifications. Radiolabelled antigen (200 ktl) was incubated with 300 p.l monoclonal hybridoma culture fluid or 5 ~tl control serum overnight at 4 °C. The immune complexes were precipitated by the addition of 40p.1 pG-S. To separate the nucleocapsid protein (N; 54K) from glycoprotein 2 (57K), gradient gels ranging from 6 to 15% acrylamide and 0-08 to 0-30~ N,N'-methylenebisacrylamide were used. Gels were fixed in a solution of 40% methanol and 10% acetic acid, incubated with Amplify NAMP 100 (Amersham) for 30 min, dried and exposed to X-Omat AR-5 films (Kodak) at -70 °C.
ELISA additivity test. To determine whether the MAbs recognized distinct or overlapping epitopes, antibody additivity immunoassays were performed using a modification of procedures described previously (Friguet et al., 1983) . Rabbit anti-83-223L virus serum diluted 1:400, and virus antigen diluted 1:4 were incubated in microtitre plates as described above for ELISA, a saturating quantity of an MAb was added and the plate was incubated for 1 h at 37 °C. Unbound antibody was removed by washing prior to the addition of a second MAb. After subsequent incubation with alkaline phosphataselabelled goat antibodies to mouse IgG (y-chain-specific) (Sigma) followed by substrate, the reaction intensity was measured spectrophotometrically. The A in the presence of two MAbs was compared to that of reactions with each of the individual MAbs in combination with control medium. The additivity index (AI) was calculated as previously described (Friguet et al., 1983) . Those antibody pairs giving a value > 50~ were considered to recognize different epitopes, whereas those pairs with a value between 25 and 50% were considered to recognize partially overlapping epitopes. Antibody pairs with a value <25~ were considered to recognize identical or completely overlapping epitopes.
Results
Production and characterization of bank vole-mouse heterohybridomas
Two months after immunization, one of three bank voles was positive for antibody against PUU virus by ELISA and IFA, with reciprocal titres of 10240 and 2560, respectively. Bank vole spleen cells (108 ) were fused with 2-5 × 107 SP2/0 cells. Of the 480 wells inoculated with the fused cells, 80~ (378) contained growing hybridomas. Screening by ELISA revealed that 30~ (107) of the hybridomas produced PUU virus-specific antibodies and 24 of these were randomly selected for amplification and single cell cloning. Eight of the hybridomas were recloned successfully, maintaining specific antibody secretion as determined by ELISA (Table 2) . To study their stability as monoclonal cell lines, the hybridomas have been cultured for more than 10 months. Antibody production was checked continuously by endpoint titration in ELISA and the majority have maintained stable antibody secretion. Two hybridomas, 3H9 and 5F4, appeared to be less stable and had to be recloned one additional time during this period.
Seven MAbs were of the same Ig class, determined by ELISA to be 'vole' IgG, with heavy chains of identical MT (55K) by comparison with a mouse IgGl MAb (Table  2) . Six of these also reacted similarly to mouse IgGl in ELISA. For one MAb, designated 2E12, it was not possible to determine the Ig class or subclass by ELISA, but it had a heavy chain of the same Mr (55K) as the other seven MAbs. The ability of the MAbs to bind to pA and p G was evaluated by inhibition experiments, followed by endpoint titration in ELISA. All the MAbs showed significant binding, especially to p G ( Table 2 ). The concentration of MAb in hybridoma culture fluid was calculated after affinity purification on pA-S columns and ranged from 1.7 pg/ml to 19-5 pg/ml (Table 2) .
Antigen specificities of the MAbs
All MAbs showed characteristic patterns of fluorescent fine granular dots in the cytoplasm of P U U virusinfected Vero E6 cells. The reciprocal endpoint titres for hybridoma culture fluids in an I F A against virus strain 83-223L varied between 32 and 128 (Table 2) . Nonspecific reactions were not seen with uninfected cells.
Six of the MAbs were specific for a 54K protein present in P U U virus antigen samples in immunoblots (Fig, 1) . The 54K band correlated with bands of the same Mr seen with bank vole and human anti-PUU virus control sera. Two of these MAbs, 4C3 and 5B5, stained double bands in the same region, a phenomenon also seen with both control sera although its relevance is not known. All eight MAbs precipitated a 5 4 K protein described as N in a R I P A (Sheshberadaran et al., 1988) ( Fig. 2) . Two of the MAbs, 3H9 and 5F4, did not react in immunoblots, although they did precipitate the same 54K band as the other six MAbs in RIPA. This indicated that these MAbs reacted with epitopes not recognized after the antigen had been denatured for immunoblotting.
Epitope recognition determined by additivity immunoassay.
The Mabs were used in an ELISA additivity test to determine their epitope specificities (Table 3 ). The test was based on an estimation of the number of epitopes on the antigen simultaneously available to a pair of antibodies. The results obtained for M A b 3H9 paired with each of the other MAbs gave AIs greater than 50~o. The members of these pairs of MAbs appeared to bind the antigen simultaneously, i.e. they reacted with distinct, non-overlapping epitopes on the nucleocapsid. Identical results were obtained for MAb 2E12 with one exception; 2E12 with 3G5 yielded an AI of 4 5~ and these two MAbs were consequently considered to recognize partially overlapping epitopes. MAb 5B5 reacted with an epitope entirely overlapping the epitope recognized by 3G5, but did not affect the binding of 2E12. The epitope recognized by 5B5 was also found to be partially overlapped by the epitopes recognized by 1C12, 3El 1, 4C3 and 5F4. All combinations of MAbs 1C12, 3Ell and 4C3 in pairs yielded an AI of less than 25%. MAb 5F4 recognized an epitope partially overlapped by the epitopes recognized by 5B5, 1C12, 3El 1 and 4C3.
Reactivity of the MAbs with 11 hanta virus strains
The MAbs were used to compare 11 virus strains in the Hantavirus genus antigenicaUy by IFA (Table 4) . The variation in IFA-reactivity of the different MAbs allowed their classification into five groups. MAb 3H9 distinguished the PUU-related virus strains from Hantaan, Urban rat and Prospect Hill viruses; 3G5 and 5F4 reacted with all virus strains except Urban rat and Hantaan viruses; 5B5 reacted with all the PUU-related virus strains and weakly with Hantaan virus, but did not react with Urban rat and Prospect Hill viruses; 1C 12 and 3Ell reacted with all virus strains except K-27, and reacted only very weakly with a minority of cells infected with virus strain CG-1820. This inability to react with K-27 and CG-1820 was confirmed by immunoblotting (data not shown). 2E12 and 4C3 reacted against all the strains tested, but to varying degrees.
Discussion
This report describes an alternative, more feasible strategy for the generation of MAbs against PUU virus. Production of mouse MAbs against Hantaan virus has been reported (Franko et al., 1983; Yamanishi et al., 1984; Sugiyama et al., 1987; Arikawa et al., 1989) . Attempts to raise mouse MAbs against PUU virus have not been successful in our laboratory, although several different strategies have been employed; we tried to immunize laboratory mice with lung tissue from infected bank voles, crude virus preparations from infected Vero E6 cells, partially purified virions and virus antigen prepared by affinity purification. Lack of a sufficient humoral response against the injected antigen seems to be the most likely interpretation of the unsuccessful results. The distinct immunogenic nature of PUU virus in different species is evidenced by the explicit humoral response of immunized bank voles, in which reciprocal IFA titres of over 2000 were detected. This should be compared with the different immunization protocols used in mice, in which IFA titres above 20 never occurred.
The low humoral response of laboratory mice against PUU virus prompted us to use the major vector, the bank vole, for hybridoma production. It should be noted here that the animals were immunized only once with crude virus antigen; no boosters were given. The high percentage of specific IgG-producing clones obtained might be due to continuous activation of the immune system by replicating virus during the 2 months of incubation (Lee et al., 1981 ; Bogdanova et al., 1987) .
The generation of bank vole-mouse monoclonal heterohybridomas was similar to mouse-mouse hybridoma production. The fusion efficiency, stability as monoclonal cell lines, antibody secretion and growth rate in common tissue culture medium were more or less identical to our experiences from the mouse system. The specific antigen reactivity, the cross-reactivity with antimouse Igs and the ease of purification owing to pA and pG binding made the bank vole MAbs an interesting alternative to mouse MAbs. The technique of using a rodent virus vector for hybridoma production may also be a valid strategy in other systems.
All eight MAbs are specific for virus N. The results correspond well with earlier results from experiments with mouse MAbs against Hantaan virus (76-118), in which N seems to be substantially more immunogenic than the glycoproteins (Arikawa et al., 1989 ). An alternative explanation for the exclusive production of anti-N MAbs may be found in our screening system. All hybridomas were initially screened by ELISA and only those with high A values were selected for further characterization. The ELISA might be more sensitive for the detection of anti-N antibodies than antibodies against the other viral proteins. Consequently, some clones with low A values may have been positive for antibodies against other viral proteins.
The additivity ELISA reveals a complex specificity pattern when the eight MAbs are compared to each other. All MAbs, except 3H9, recognize epitopes suggested to be located very close to each other, as indicated by overlapping and partially overlapping reactivities. These overlapping N epitopes may constitute a region immunodominant in infected bank voles because seven of the eight heterohybridomas recovered produced MAbs against them. The epitope recognized by 3H9 was the only site not overlapped by any of the other epitopes defined. MAbs 1C12, 3Ell and 4C3 reacted similarly to each other when compared to the five other MAbs, and yielded an AI value close to 0K when tested in pairs, suggesting that they react with identical or entirely overlapping epitopes. The reactivity patterns of the other five MAbs suggest that each MAb has a unique epitope specificity. These results agree with the varied IFA reactivities of the MAbs against the 11 hantavirus strains.
The IFA results reveal the existence of an epitope specific for PUU-related virus strains, as defined by MAb 3H9. The IFA also indicates the presence of conserved epitopes shared only by PUU-related virus strains and Prospect Hill virus, as well as epitopes shared only by PUU-related virus strains and Hantaan virus. The finding that two virus strains isolated in the western U.S.S.R., K-27 and CG-1820, react differently to the other PUU-related virus strains is of great interest. The different nature of strain CG-1820 compared to the other PUU-related virus strains has also been demonstrated by cross-neutralization tests (B. Niklasson et al., unpublished results) . The results suggest that the large group of PUU-related hantaviruses now isolated may be more complex than indicated by using convalescent sera in IFAs or immunoprecipitation tests.
